Studies of antibiotic resistance in bacteria from environmental samples have relied on culturing to document resistance frequency (11, 13) or have probed cultivated bacteria for the presence of particular antibiotic resistance genes (16) . In both cases, only the culturable portion of the bacterial assemblages was examined. Since culturable bacteria are often a minor component of the total bacterial assemblage, relying on culture of environmental bacteria to describe features of assemblages has been questioned (19) .
Techniques developed to describe nonculturable bacteria commonly involve extraction and examination of nucleic acids from environmental samples (10, 14, 17, 28, 30, 31) . Abundances of a few specific bacterial genes have been determined by hybridization of gene probes to environmental DNA (3, 10, 18, 26, 27, 32) . Although direct examination of DNA allows one to circumvent the problems associated with low culturability of environmental bacteria, examination of environmental DNA presents a new set of difficulties. First, detection of a specific DNA sequence by hybridization does not demonstrate that the gene is functional, nor does it indicate the level to which the gene is transcriptionally active. Second, genes with widely different nucleotide sequences may encode enzymes conferring similar phenotypes, further obscuring the relationship between gene abundance and functional potential. Evaluation of the usefulness of any probe must address these issues.
In this study we report the occurrence of kanamycin and neomycin resistance in the culturable portion of the bacterial assemblage of a South Carolina stream. To provide information on kanamycin resistance potential in the total bacterial assemblage, DNA extracted from environmental samples was examined for the presence of the neomycin phos-photransferase (nptII) gene, which conveys resistance to kanamycin and neomycin (12) . Although there are several genes that confer kanamycin resistance (4, 7), the constitutively expressed nptII gene was chosen because it is located on transposon TnS, which has a well-developed physical and genetic map and is widely distributed among the eubacteria (12, 15) . Preliminary hybridization studies indicated the presence of nptII-like genes in DNA extracted from stream sediments. To examine the adequacy of the nptII probe in describing kanamycin resistance potential of the total bacterial assemblage, we determined whether functional copies of the nptII gene were found in kanamycin-resistant, culturable stream bacteria. We assessed the abundance of nptII in kanamycin-resistant isolates to determine whether this single gene accounts for a significant fraction of the observed resistance. Having evaluated the utility of this approach to kanamycin resistance potential, we determined whether there were spatial differences in the relative abundances of nptII in samples taken from different locations and habitats in a stream. (9) .
MATERIALS AND METHODS

Samples
To examine the potential basis of the observed resistance, 184 kanamycin-resistant and 300 kanamycin-susceptible (200 ,ug of kanamycin ml-') isolates were hybridized to the 1.0-kbp BglII-SalI restriction fragment from transposon Tn5 by a modified version of the Grunstein and Hogness colony hybridization procedure (8, 23) . This fragment contains the entire coding region for nptII (25) The eubacterium-specific oligonucleotide probe was hybridized with 0.0625, 0.25, and 1 jig of total DNA from each environmental sample. Densitometry was used to normalize hybridization signals to the M. xanthus DK1985 standard, whose signal strength was arbitrarily assigned a value of 1. The nylon filter was then stripped of the probe and hybridized with the 1.0-kbp BglII-SalI fragment of Tn5 containing the nptII gene. The densitometrically determined hybridization signal strength of M. xanthus, which contains a single TnS insertion, was arbitrarily assigned a value of 100. Hybridization signal strengths of the samples were again normalized to M. xanthus and divided by the relative amount of eubacterial DNA. As the incidence of false-positive signals among cultivated bacteria was zero, we assumed that the intensity of hybridization was related to the abundance of the nptII gene in the sample and refer to the calculated values as relative nptII gene abundance.
Differences among sampling sites were compared by using analysis of variance. For significant differences, P was 50.05.
Analyses were performed with a Statview 512+ program (Brainpower, Inc.) and an Apple Macintosh computer.
RESULTS
Bacteria collected from the water column at all three sites grew on media containing kanamycin or neomycin at 50 and 200 ,ug ml-' (Fig. 1 ). There were statistically significant differences among sites in the numbers of resistant bacteria (for kanamycin: site effect, F = 15.30 and P < 0.01; antibiotic concentration effect, F = 5.49 and P = 0.02; concentration by site interaction, F = 2.75 and P = 0.09) (for neomycin: site effect, F = 7.14 and P = 0.01; antibiotic concentration effect, F = 3.48 and P = 0.05; concentration by site interaction, F = 2.90 and P = 0.08). The sites did not differ significantly in the abundances of total bacteria (from acridine orange direct counts) and culturable bacteria (Table  1 ; F = 4.24 and P = 0.07 and F = 0.02 and P = 0.98, respectively). At all sites, less than 0.2% of the bacteria observed microscopically were cultivated.
Kanamycin-resistant and -susceptible colonies were probed for the presence of the nptII gene by colony hybridization. Of the 184 kanamycin-resistant colonies examined, 3 hybridized with the probe. None of the 300 kanamycinsusceptible colonies hybridized with the probe under stringent hybridization conditions. Isolates that hybridized with (Fig.  2, lanes 1 and 2) . Two of the positive isolates contained a homologous band similar in size to that of M. xanthus DK1985 (lanes 3 and 6), suggesting that their resistance was due to the nptII gene of TnS. The remaining positive isolate contained a 2.5-kbp fragment homologous to TnS (lane 5). The isolate that did not hybridize to the probe in the colony blot also failed to hybridize to the probe in the Southern blot (lane 4).
DNA from one of the kanamycin-resistant isolates that hybridized the nptII probe was ligated with a plasmid vector (pUC19) to determine whether kanamycin resistance could be transferred to a nonresistant strain (E. coli JM83). After transformation of E. coli JM83 with DNA from isolate 1 (Fig.  2, lane 1) , plasmids from 3 of 12 transformants were digested with HindIII; the inserted fragment was approximately the same size as that observed on the Southern blot.
Since only a small portion of the bacterial cells observed in environmental samples could be cultivated, it was of interest to examine both culturable and nonculturable bacteria by extraction of total DNA from environmental samples. Hybridization of environmental DNA with kingdom-specific probes for eubacteria, archaebacteria, and eukaryotes revealed that samples contained DNA from all three kingdoms (data not shown). The environmental DNA samples were hybridized to the eubacterium-specific probe to determine the relative abundance of eubacterial DNA in each sample. Results from samples collected in October 1990 are shown in Fig. 3 . Densitometry was used to normalize hybridization signals to the M. xanthus standard (Fig. 3A ). The nylon filter was then stripped of the probe and hybridized with the 1.0-kbp BglII-SalI fragment of TnS (Fig. 3B) (2, 4, 7) . These results suggest that multiple probes will probably be necessary to assess kanamycin resistance potential of stream bacteria.
The nptlI gene has been reported to occur naturally only in eubacteria. If gene frequencies are to be expressed as a percentage of eubacteria containing the gene, the proportion of eubacteria in the sample must be known. Because each sample will probably contain different amounts of archaebacterial and eukaryotic DNA, we used kingdom-specific rDNA probes to determine the percentage of eubacterial DNA in a sample. However, because the rRNA operon is present in a wide range of copy numbers on chromosomes of different bacteria (25) and since eubacterial genome size can vary over an order of magnitude (22) , the exact number of eubacterial genomes cannot be determined from hybridization data alone. Future experiments employing a more direct measurement of eubacterial cell number, for example, the use of 16S rRNA-targeted oligonucleotide probes coupled with flow cytometry or in situ hybridization, may more directly assess the eubacterial cell number (1).
The bacterial assemblage composition was examined on different spatial scales under the assumption that differences in abundances of specific genes will reflect differences in abundances of specific bacteria. We measured relative abundance of the nptII gene among eubacteria over three spatial scales; samples were collected at three sites in the stream and at three habitats at a single site, and three independent samples were taken from each habitat. At the largest spatial scale, there were no significant differences among sites in the abundances of the nptII genes. However, there were differences in nptII abundances among different habitats at a site, suggesting that bacterial assemblages in these habitats have different compositions. Assemblages from leaves had fewer copies of the nptII gene than did assemblages from sediments. It appears then that comparisons of gene abundances among environmental samples may be useful in describing bacterial assemblages from different locations.
In conclusion, DNA hybridization appears to be a useful technique for assessing the abundance of genes in mixtures of nonculturable organisms. In such studies, it is critical to demonstrate that the probe specifically hybridizes with functional copies of the gene of interest. Because of the spatial differences observed in nptII abundance in this study, an effort must be made in future studies to sample the many diverse habitats in an ecosystem to obtain a representative gene frequency.
